We demonstrate a simple, compact and low cost Q-switched erbium-doped fiber laser (EDFL) using single-wall carbon nanotubes (CNTs) as a saturable absorber for possible applications in metrology, sensing, and medical diagnostics. The EDFL operates at around 1560 nm with repetition rates of 16.1 kHz and 6.4 kHz with saturable absorbers SA1 and SA2 at a pump power of 120 mW. The absorbers are constructed by optically driven deposition and normal deposition techniques. It is observed that the optical deposition method produces a Q-switched EDFL with a lower threshold of 70 mW and better Q-switching performance compared to that of the normal deposition method. The EDFL also has pulse energy of 90.3 nJ and pulse width of 11.6 s at 120 mW pump power.
Research interest on fiber lasers has grown after the introduction of doped fibers as the gain medium, resulting in an intrinsically excellent beam quality. [1, 2] They can be designed to operate in either continuouswave or pulsed mode. Q-switched fiber lasers are generally used for generating high-energy pulses at relatively low repetition rates. [3] They have attracted much interest due to their versatile applications in remote sensing, range finding, medicine, material processing, and telecommunications. [3−5] They can be constructed via active [3] or passive techniques. [4] Compared to those fabricated using the active technique, passively Q-switched fiber lasers are advantageous in terms of compactness, simplicity, and flexibility in design. They have been intensively investigated using different kinds of saturable absorbers (SAs) such as transition metal doped crystals [6] and semiconductor saturable absorber mirrors (SESAMs). [7] However, these SAs are complex and expensive to be fabricated. Furthermore, they are not compatible with many optical fibers, which limits their widespread application.
Recently, single-wall carbon nanotubes (SWCNTs) have shown promising potential in mode locked fiber laser systems due to its intrinsic saturable absorption properties, ultrafast recovery time and wide absorption wavelength bandwidth. [8, 9] In this Letter, we demonstrate a simple and compact Q-switched erbium-doped fiber laser (EDFL) using a CNT-based saturable absorber (CNT-SA) with good compatibility with optical fibers. The SA is constructed by optically controlling the deposition of CNTs onto the end of fiber ferrules. The relative performance of the Qswitched EDFL is also investigated by comparing it with another CNT-SA which was obtained using a normal deposition technique.
The fabrication process starts by preparing a homogeneous suspension by mixing approximately 0.5 mg SWCNTs (95% pure, diameter of 1-2 nm and length of 5-10 µm) with 1 ml of dimethylformamide (DMF) solvent and then sonicated for one hour. The suspension was centrifuged at 1000 rpm for one hour to remove large particles of undispersed SWCNT to obtain dispersed suspension that is stable for weeks. Then optical deposition method proposed by Kashiwagi et al. [10] and Martinez et al. [11] was employed to deposit SWCNTs onto optical fiber end with ferrule to be used as an SA. In this method, an amplified light is injected into the fiber ferrule end to create an optical trapping, thermally driven convection flow and thermo-diffusion. [12] The interaction between the laser beam and CNTs is initiated by the optical trapping that increases the solution temperature by the amplified injected light. The difference in temperature between the fiber ferule and heated solution creates thermo-diffusion effect where the CNTs are attracted to the cooler fiber ferule. In the experiment, a 1550 nm laser source was amplified at around 25 dBm and launched into a fiber FC/PC connector via an optical circulator. Then the end surface of the fiber ferrule of the connector was immersed into a droplet of the prepared CNTs solution and the reflected light from the connector was monitored by an optical power meter. The deposition process was halted when there was a sudden change in the reflected light power which indicates that the CNTs have been sufficiently deposited on the ferrule end surface. The connector with CNTs was then mated to another clean connector to construct an SA1 that could be easily spliced to the cavity of the fiber laser. The insertion loss of the SA1 was measured to be about 1.8 dB. Figure 1 shows the experimental setup of the compact Q-switched EDFL proposed using the fabricated SA as a passive Q-switcher. A 49-cm-long bismuthbased erbium-doped fiber (Bi-EDF) with erbium ion concentration of 3250 ppm and cutoff wavelength of 1450 nm is used as the gain medium. This fiber is an advanced erbium doped fiber, which is based on bismuth oxide host glass and thus allows both compactness and great broadband transmission capability. [13] The Bi-EDF is forward pumped by a 1480 nm laser diode through a 1480/1550 nm wavelength division multiplexer (WDM). Another WDM is placed after the Bi-EDF to remove the excess pump power. The laser output is extracted from a 10 dB optical coupler located after the SA, which releases about 10% of the oscillating light from the ring cavity. The output is analyzed by an optical spectrum analyzer (OSA) of 0.02 nm resolution and a 500 MHz oscilloscope with 6 GHz bandwidth lightwave detector. An optical isolator is incorporated after the optical coupler to ensure that light propagates unidirectionally. The rest of the cavity is made of SMF-28 single-mode fiber. All components used in our setup are polarization independent, i.e. they support any light polarization. No polarization controller (PC) is included in our cavity as we had observed earlier that a PC did not improve our pulse stability. There was no significant pulse jitter observed through oscilloscope during the experiment. The experiment was also carried out using another SA (SA2), which was obtained by the normal deposition method for comparison. In this technique, the deposition of CNTs on the fiber ferrule is carried out by dropping a droplet of the prepared CNTs solution to the end of fiber ferrule using micropipette. After that, the fiber ferrule was left at room temperature to let the solution evaporate for one hour. The SA2 has an insertion loss of about 2.0 dB. Figure 2 compares the oscilloscope traces of the Q-switched pulse trains of the proposed EDFL using the two fabricated CNT-SAs (SA1 and SA2) while the pump power was fixed at the maximum value of 120 mW. As stated earlier, the SA1 and SA2 were developed using the optical and normal deposition method, respectively. As seen in the figure, the repetition rates of 16.1 kHz and 6.4 kHz are obtained for the SA1 and SA2 setup, respectively. It is believed that the normal deposition method allows more CNTs to be deposited on the fiber. This is evident from the microscope image of the ferrule end of SA2, which is observed to be darker at the core area compared to that of SA1. Since thicker CNTs layer means more absorption, it takes a bit longer time for the SA2 to bleach and thus its repetition rate is lower than that of the SA1. It is also observed that the proposed EDFLs start to lase with the passive Q-switching mode at the pump power of around 70 mW and 110 mW for the SA1 and SA2, respectively. The pump threshold of the EDFL with SA2 is higher compared to that of SA1, mainly due to higher absorption of the thicker CNTs layer. Since the CNTs layer is not uniformly distributed on the core surface of the SA2, the Qswitching performance of the laser is affected. Figure 3 shows the output spectrum of the proposed Q-switched EDFL constructed using the SA1 and SA2. As shown in the figure, the laser operates at around 1559.2 nm and 1557.8 nm respectively. The laser operating wavelength is shorter for the one with SA2 compared to that with SA1. This is attributed to the SA2, having a larger loss and thus decreasing the oscillating wavelength to acquire a higher gain for compensating the loss. The full-width half maximum (FWHM) of more than 1.0 nm is obtained with SA1, which is so much larger than that of the SA2. This indicates that SA1 produces a better Q-switching pulse compared the one generated by the SA2. Unlike the mode-locked fiber laser wherein the repetition rate is dependent on cavity length, the repetition rate of the Q-switched fiber laser varies with pump power. The inset of Fig. 3 shows the repetition rate as a function of pump power for the EDFL configured with SA1. As the pump power increases, more gain is provided to saturate the SA. Since pulse generation relies on saturation, the repetition rate increases with the pump power as shown in the figure. The pulse repetition rate of the Q-switched EDFL can be widely tuned from 8.2 kHz to 16.1 kHz by varying the pump power from 70 mW to 120 mW. At every specific repetition rate and pump power, the Q-switching pulse output was stable and no significant pulse jitter was observed on the oscilloscope. Figure 4 shows the pulse energy and the pulse width as a function of the pump power for the proposed EDFL with SA1. As seen in the figure, raising the pump power increases the pulse energy and reduces the pulse width. It is also observed that the pulse energy shows a drop of around 110 mW in pump power, which is most probably due to the mode competition inside the laser cavity which slightly changes the operating wavelength. This phenomenon exists for both SAs and the incorporation of a band-pass filter in the laser cavity is expected to improve the laser output energy. At the pump power of 120 mW, the Q-switched EDFL has a pulse energy of 90.3 nJ and pulse width of 11.3 µs as depicted in Fig. 4 . With SA2, the pulse energy and pulse width are obtained at 5.5 nJ and 11.6 µs, respectively, for 1480 nm pumping of 120 mW. A thicker and rough layer of CNTs in SA2 increases the cavity loss, causing unbalanced dispersive and nonlinear characteristic properties in the laser cavity. Consequently, it degrades both the attainable pulse energy and pulse width. These results indicate that CNTs have a larger potential for better Q-switching and saturable absorption compared to conventional light absorbing components when carefully employed in an appropriate laser system. The proposed EDFL is simple, low in cost and suitable for metrology, environmental sensing and biomedical diagnostics.
In conclusion, a simple and compact Q-switched EDFL is demonstrated using a CNT-SA, which is obtained by depositing the prepared CNTs solution on the end surface of fiber ferrule. It is found that the optical deposition method achieves a Q-switched fiber laser with a lower pump threshold and higher energy compared to that of normal deposition technique. The EDFL operates at around 1560 nm with repetition rates of 16.1 kHz and 6.4 kHz at the pump power of 120 mW and threshold pump powers of 70 mW and 110 mW, respectively. The repetition rate and pulse energy of the EDFL increase with the rise in pump power, but its pulse width reduces with the pump power. With the optical deposition method, the EDFL achieves a pulse energy of 90.3 nJ and pulse width of 11.6 µs at 120 mW pump power.
